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The Role of Nitric Oxide Synthase in Cortical Plasticity Is Sex
Specific
James Dachtler,* Neil R. Hardingham,* and Kevin Fox
Cardiff School of Biosciences, Cardiff University, Cardiff CF10 3AX, United Kingdom
Nitric oxide synthase-1 (NOS1) is involved in several forms of plasticity including hippocampal-dependent learning and memory,
experience-dependent plasticity in the barrel cortex, and long-term potentiation (LTP) in the hippocampus and neocortex. NOS1 also
contributes to ischemic damage during stroke and has a stronger deleterious effect in males than females. We therefore investigated
whether the role ofNOS1 in plasticitymight also be sex specific.We tested LTP in the layer IV–II/III pathway betweenbarrel columns and
experience-dependent plasticity in the barrel cortex of NOS1 knock-out mice and their wild-type littermates. We found that LTP was
absent inmaleNOS1 knock-outmice but not in females and that the residual LTP in females was not NOdependent.We also found that
experience-dependent potentiation due to single whisker experience was significantly reduced in male NOS1 knockouts but was
unaffected in females. The NOS1 knockout had a small effect on the development of the barrels, which were reduced in size by 20%
compared with wild types, but this effect was not sex specific. We therefore conclude that neocortical plasticity mechanisms differ
betweenmales and females at the synaptic level, either in theirbasicplasticity inductionpathwaysor in their ability to compensate for loss
of NOS1.
Introduction
Synaptic plasticity is thought to underlie a number of important
functions in the brain, including learning,memory, and develop-
ment of neural circuits (Constantine-Paton et al., 1990; Bliss and
Collingridge, 1993). However, many of the factors involved in
long-term potentiation (LTP) when dysregulated during stroke
or epilepsy are linked to excitotoxic injury, including NMDA
receptors (Herron et al., 1986;Olney et al., 1987), calcium (Lynch
et al., 1983; Bano and Nicotera, 2007), and CaMKII (Malinow et
al., 1988; Hajimohammadreza et al., 1995). One further factor
thought to be a major mediator of excitotoxic injury is nitric
oxide (NO) (Huang et al., 1994; Dawson et al., 1996): similarly,
this molecule plays an important role in LTP in the hippocampus
and neocortex (Schuman and Madison, 1991; Hardingham and
Fox, 2006).
NO is produced by the enzyme NO synthase (NOS). Studies
have identified one of the isoforms, NOS type 1 (NOS1), as a
factor involved in stroke susceptibility and generation of isch-
emic damage in stroke (Huang et al., 1994; Nanri et al., 1998;
Manso et al., 2012). More specifically, NOS1 appears to be the
subisoform involved, because inhibiting the association of NOS
with PSD-95 is protective for stroke (Cao et al., 2005). The
NOS1 isoform has also been shown to be important for
experience-dependent potentiation (EDP) and LTP in the barrel
cortex (Dachtler et al., 2011b).
Regulation of NO is known to differ between males and fe-
males. Some aspects of the sex dimorphism can be attributed to
the influence of estrogen on levels of NOS3 (endothelial NOS)
andNOS1 (Weiner et al., 1994; Fo¨rstermann et al., 1998;Grohe´ et
al., 2004). Given that NOS1 plays a role in stroke, the sex dimor-
phism of NO regulation would be expected to produce different
effects in males and females, and indeed this appears to be the
case; while males exhibit lower levels of stroke damage in NOS1
knock-out (KO) mice than wild-type (WT) mice, females have a
higher levels of damage in NOS1 knock-out mice than wild-type
mice (McCullough et al., 2005). Furthermore, NO antagonists
that have a level of selectivity for NOS1, such as 7-NI, are neuro-
protective for stroke in males but not in females (McCullough et
al., 2005).
SinceNOS1 is involved in ischemic damage and synaptic plas-
ticity, but its role in ischemic damage is sex specific, one might
predict that the role of NOS1 in synaptic plasticity is also sex
specific.We therefore looked at EDP and LTP in the barrel cortex
of wild-type and NOS1 knock-out mice and compared the re-
sults across males and females.
Materials andMethods
Subjects. For the experience-dependent plasticity experiments, we used
the following: wild types: male, six deprived (105 cells) and seven unde-
prived (132 cells); female, six deprived (157 cells) and five undeprived
(100 cells); NOS1 knock-outs: male, nine deprived (193 cells) and six
undeprived (89 cells); female, five deprived (106 cells) and four unde-
prived (70 cells). Recordings were made at an average age of 4.4 months
(range, 1.7–9.7 months). For the in vitro LTP experiments, we used 19
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male and 20 female wild types, and 12male and 12 femaleNOS1 knock-
outs, aged between 6 and 8 weeks.
The colony of NOS1 mice was sourced from Jackson Laboratory and
outbred four times during a 7 year period to C57BL/6OlaHSD background
(Harlan)andwere thereforeofmixedC57BL/6J andC57BL/6OlaHSDback-
ground. Other than for outbreeding, the colony was maintained as
heterozygotes. To generate knockouts and wild-type littermates, heterozy-
gotemicewere crossed.Males and femaleswerehoused separately in cagesof
two to six mice. Stage of estrus cycle was not determined for female mice.
Whisker deprivation, anesthesia, surgery, and recording. All but the D1
whisker was removed unilaterally for 18 d, followed by 6–10 d of regrowth
before recording. For anesthesia, recording,marking of recording locations,
stimulation, and histological methods, see Dachtler et al. (2011b).
Slice preparation for in vitro recordings. Slice preparation, and intra-
cellular and extracellular solutions have been detailed previously
(Dachtler et al., 2011b). The L-nitroarginine (L-NNA) concentration
was 1 mM in the intracellular solution. Whole-cell recordings from layer
(L) II/III neurons were recorded and LIV stimulated in the adjacent
barrel column (average postbreak in potentials were as follows:male wild
types, 70 1mV; femalewild types, 68 1mV;maleNOS1 knockouts,
66 5mV; and femaleNOS1 knockouts, 71 1mV). Recordings were
rejected if the series resistance changed by20% during recording. LTP
was induced by pairing a presynaptic stimulus with an evoked postsyn-
aptic action potential 10 ms later (50 pairs at 2
Hz; intertrain interval, 30 s).
Statistical methods. Spike responses for the
D1, principal, and surround whiskers were an-
alyzed as described previously (Dachtler et al.,
2011b). Map plasticity was estimated by aver-
aging all LII/III D1 responses within a penetra-
tion and assigning each penetration one of the
following three bands: blue for25 spikes per
50 stimuli; green for between 25 and 50 spikes
per 50 stimuli; and yellow for50 spikes per 50
stimuli. Differences were analyzed using  2
analysis. All in vivo experiments were per-
formed blind to the effect of sex on plasticity.
However, experimenters were not blinded to
mouse genotype or gender during the
experiments.
EPSP amplitudes were averaged over a 15
min control period. Plasticity wasmeasured by
comparing mean amplitudes 50–60 min after
the LTP protocol with mean amplitudes from
the control period. Datasets were found not to
be normally distributed for ANOVA analysis
(Shapiro–Wilk test, all groups p 0.05). Data
transforms (square root, log, and inverse) did
not adjust distributions to normality, prevent-
ing use of an ANOVA. Therefore, we tested
each cell to find whether LTP had occurred at
the 50–60 min time point using a paired t test
and created the consequent binary variable
(LTP, no-LTP) to test the probability of LTP
using nonparametric statistics (likelihood ratio,
Pearson, and Fisher exact probability tests). We
also used theWilcoxon rankorder tests to test for
differences in the magnitude of LTP between
cases. In all cases, was 0.05.
Results
LTP is sex specific inNOS1 knockouts
LTP was significantly reduced in NOS1
knock-out mice when compared with
wild types (Fig. 1A; 2  6.8, p  0.01,
Wilcoxon rank order test), but potentia-
tion in the NOS1 KOs was still signifi-
cantly above baseline levels (2 8.0, p
0.001).
In wild types, the probability of statistically significant LTP
50–60minafterpairingwas46%inbothmales (n24)andfemales
(n 24).Of those cases that showed potentiation, the average EPSP
potentiated by 51 10% inmalewild-typemice and by 53 5% in
female wild-type mice compared with baseline values. Across all
cases, the average EPSP potentiated by 27 7% in male wild-type
mice and by 26 6% in female wild-type mice (Fig. 1B).
In the NOS1 knock-out mice, the probability of statistically
significant LTP was 5% in males and 33% in females (both n 
18). Of those cases that showed potentiation, the average EPSP
potentiated by 22 8% inmales (single case) and by 60 14% in
females. Across all cases, the EPSPs of female NOS1 knockouts
clearly potentiated (22 7%), while the averagemagnitude ofmale
NOS1 knock-out LTP was just 3  2% (Fig. 1C). There was no
effect of sex on the probability (2  0.084, p  0.77, likelihood
ratio test) or magnitude of LTP in wild-type mice (2 0.001,
p  0.98, Wilcoxon rank order test). In contrast, there was a
significant effect of sex on both the probability (2  4.8, p 
0.03) and magnitude of LTP in NOS1 knock-out mice (2 
4.5, p 0.05).
Figure 1. LTP is reduced inNOS1 knockouts in a sex-specific manner. A, LTP is reduced inNOS1 knockouts (13 4%, n
36) compared with wild types (26 4%, n 48, sexes combined). B, Male and female WTs (n 24 for both sexes) showed
similarmagnitudes of LTP. C, MaleNOS1s showno significant LTP (n 18), while femaleNOS1 knockouts show LTP (n 18).
D, E, L-NNA has no effect on levels of LTP in femaleNOS1 knockouts (n 18) (D) ormaleNOS1 knockouts that already lack LTP
(n 18) (E). F, Average level of potentiation observed at 60 min, showing within-group significance (p 0.01, p
0.001, paired t test) and comparisons between genotypes or sexes (*p 0.05, **p 0.01, ***p 0.005; see Results for details
of statistics). Insets show superimposed example EPSPs for baseline (black) and postpairing periods (red) (each trace shows two
stimuli at 100 ms separation). Calibration: 100 ms, 5 mV.
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Previous studies have shown that intracellular administration of
the NOS antagonist L-NNA reduces but does not abolish LTP in
wild-typemice (Hardingham and Fox, 2006). In contrast, we found
no effect of L-NNA on the probability (2  0.08, p  0.77) or
magnitude of LTP inNOS1 knock-outmice (2 0.04, p 0.84)
(Fig. 1D,E). However, there was an effect of sex on the probability
(2  6.36, p  0.02) and magnitude of LTP in L-NNA-treated
neurons (2 8.1, p 0.005) due to significant levels of LTP in the
female NOS1 knock-out mice (overall mean EPSP increase 
16.14%),butnot in themales (2.72%).These findings confirm
the sex difference in the NOS1 knock-out mice and, in addition,
show that the residual LTP in the female NOS1 knockouts cannot
be attributed to NO generated by a different route (e.g., via NOS3).
Experience-dependent plasticity is sex specific in
NOS1 knockouts
In male and female wild types and female NOS1 knockouts, a
period of single whisker experience produced clear potentiation
of the average spiking response to D1 stimulation recorded in the
barrel columns surrounding D1 (a 3.2-fold increase in wild-type
males; a 3.2-fold increase in wild-type females; a 4.6-fold increase
in NOS1 females; Fig. 2). In contrast, male NOS1 knockouts
increased their spiking response by far less (a 1.7-fold increase;
Fig. 2). A three-way ANOVA found a main effect of genotype
(F(1,40) 9.48, p 0.004) and conditioning on spiking response
(F(1,40) 57.51, p 0.0001) but not of sex (F(1,40) 1). Therewas
a significant interaction among genotype, sex, and deprivation
(F(1,40) 4.17, p 0.048). No other interactionswere significant.
Simplemain effects analysis showed that therewere no significant
differences between undeprived male wild-type and undeprived
male NOS1 knock-out mice, undeprived female wild-type and
undeprived female NOS1 knock-out mice, or deprived fe-
male wild-type and deprived female NOS1 knock-out mice
(all F(1,40)  1). However, there was a significant difference be-
tween deprived male wild-type and deprived male NOS1
knock-out mice (F(1,40)  25.119, p  0.0001). Independent t
tests betweenmale NOS1 knock-outmice and female wild-type
mice, and female NOS1 knock-out mice also confirmed a sig-
nificant reduction in potentiation in male NOS1 knockouts
(t(13) 3.95, p 0.002, and t(12) 2.99, p 0.011, respectively).
We analyzedmap plasticity to test the spatial extent of plastic-
ity in the NOS1 males. In all undeprived groups, the spiking
responses to D1 whisker stimulation were weak in the D1-
surrounding barrel columns, and strongest within the D1 barrel
column (Fig. 3; note that penetrations are located in congruent
positions on the barrel map independent of small differences in
barrel size). In wild-type male and female mice, single whisker
(D1) experience resulted in robust potentiation of the spiking
response to D1 whisker stimulation when recorded in the D1-
surrounding barrel columns. In male wild types, the proportion
of penetrations containing the strongest D1 responses (Fig. 3,
green and yellow circles) increased from 40 to 90% (2 16.53,
p 0.0003), and in female wild types increased from 13 to 84%
(2  19.84, p  0.0001). This pattern was not observed in the
NOS1 knockouts. While the proportion of penetrations con-
taining strong D1 responses did increase significantly in female
NOS1 knockouts (11 to 81%; 2  12.97, p  0.0015), the
increase was far smaller (and not statistically significant) in the
male NOS1 knockouts (7 to 43%; 2 5.67, p 0.05).
Receptive field size, somatosensory responsivity, and barrel
architecture in male and femaleNOS1 knock-out mice
LII/III cells had normal receptive field sizes inNOS1 knockouts.
Receptive fields were not influenced by genotype or sex (both
F(1,18) 1, p  0.05), nor interactions between genotype and sex
(F(1,18)  2.20, p  0.05). Whisker response strength was also
normal in NOS1 knockouts. For LII/III, there were no main
effects of genotype or sex (both F(1,18)  1) or genotype by sex
(F(1,18)  1.41, p  0.05) nor interactions (all F(5,90)  1), and
similarly for LIV there were no main effects of genotype or sex,
nor for any interactions (all F(5,85)  1). For LIV, there was no
difference in the proportion of short latency responses (10 ms)
within the principal barrel between male wild-type mice and
NOS1 knock-out mice (2  2.74, p  0.05) nor between fe-
male wild-typemice andNOS1 knock-outmice (2 1.31, p
0.05). These results indicate that receptive fields and response
strengths were normal in NOS1 knockouts.
Normal barrel patterning was present in NOS1 knockouts, as
shown previously (Finney and Shatz, 1998). Barrel areas for both
male and female NOS1 knock-out mice were slightly smaller
(20%) than their wild-type counterparts (Fig. 4). A repeated-
measures three-way ANOVA revealed a significant main effect of
genotype (F(1,18)  5.35, p  0.033) but not of sex (F(1,18)  1).
There were no significant interactions between genotype and sex
(F(1,18)  1); barrel area by genotype (F(4,72)  1.17, p  0.05);
barrel area by sex (F(4,72) 1.07, p 0.05); or barrel area by geno-
typeby sex (F(4,72)1).Wealsomeasured the lengthof the far edges
between the D1 and D3 barrels. There was no difference in barrel
spacingbygenotype (F(1,18)1.80,p0.05)or sex (F(1,18)1), and
these factors did not interact with each other (F(1,18)  1). The
NOS1 knockouts therefore have slightly smaller barrels with nor-
mal barrel spacing, but this is not sex specific.
Discussion
The main finding in this study was that plasticity is reduced in
maleNOS1knock-outmice but present in females. The residual
plasticity in female NOS1 knock-out mice was not NOS depen-
dent, demonstrating that cortical plasticity relies more on
NOS in males than in females. The residual experience-
dependent plasticity in the male and female NOS1 knockouts is
likely to be via GluR1 (Dachtler et al., 2011b).
The size of the deficit was greater for LTP than EDP. This may
be because the LIV–LII/III pathway tested in the LTP studies is
Figure2. QuantificationoftheLII/IIID1spikingresponsemagnitudeinmaleandfemalewild-type
andNOS1 knock-out mice following experience-dependent plasticity. The histogram depicts the
averageD1responseforundeprivedcontrols(whitebars)andwhisker-deprivedmice,wherebyallbut
theD1whiskerhadbeenremovedfor18d, followedby6–10dofregrowth(blackbars).MaleNOS1
knock-outmice have significantly less D1 potentiation thanmale and female wild types and female
NOS1 knockouts (three-way ANOVA followed by test of simple main effects and post hoc t tests,
*p 0.05, **p 0.01, ***p 0.0001; seeMaterials andMethods forn values).
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more reliant on NOS1 than other path-
ways recruited during in vivo plasticity.
Alternatively, the greater deficit in LTP
may be attributable to the shorter duration of
plasticity induction of LTP compared with
EDP. The female mice in these studies go
through several (4 d) estrus cycles during
the 26 d deprivation/regrowth period. Since
estradiol only causes an increase in NMDA
receptors and spine density in females (Ro-
meoet al., 2005), spine densitymay alter in
the female mice several times during the
deprivation period, which could pro-
vide an increased substrate for plasticity.
NO has several routes by which it can
affect plasticity. NO acts via guanyl cyclase
(GC), which is vital for LTP in the visual
cortex (Haghikia et al., 2007). GC in turn
affects GluR1 trafficking (Serulle et al.,
2007) and presynaptic function (Arancio et
al., 2001). NOS1 is also known to affect
CRE-mediated gene expression (Peunova
and Enikolopov, 1993), and in the barrel
cortex NO affects gene expression via ERK
(Gallo and Iadecola, 2011). As CREB is
known to be involved in adult barrel cortex
plasticity (Glazewski et al., 1999), this repre-
sents a third possible route of action.
While most of our findings relate to
sex differences, we did find one differ-
ence between genotypes. The cross-
sectional area of the barrels defined by
cytochrome oxidase staining was
Figure 3. Experience-dependent plasticity of male and female wild-type andNOS1 knock-out mice in the barrel cortex. The spatial domain of the D1 spared whisker response expands and
invades the surrounding barrel columns in deprived male and female wild-type mice and femaleNOS1 knock-out mice, but not in maleNOS1 knock-out mice. Each penetration represents the
average LII/III response,where at least three cellswere recordedper penetration. The response level is color coded,with yellowbeing the strongest (response50 spikes per 50 stimuli), greenbeing
themid-range (response50 but response25 spikes per 50 stimuli), and blue being theweakest (response25 spikes per 50 stimuli). Top row, D1 response domains for undeprivedmice. Note
that the strongest responses are normally confined to the D1 barrel. Bottom row, D1 domains for mice with all but the D1 whisker deprived for 18 d. The D1 barrel is shaded dark gray. Note that in
most cases the stronger responses expand out of the D1 barrel column into surrounding barrel columns.
Figure4. The development of barrel field structure and receptive field size inmale and femalewild-type andNOS1 knock-out
mice. Receptive field structure and responsiveness are similar betweenwild-type andNOS1 knock-outmice.A,B, The responses
to stimulationof theanatomically definedprincipalwhisker (PW)andall surroundingwhiskers (S) ranked fromgreatest to smallest
(S1–S8) are shown for LII/III (A) andLIV (B). Therewerenomaineffects of genotype, sex, or interactionsbetween the two for either
layer (all p 0.05). Tissue containing the barrel cortex were sectioned and reacted for cytochrome oxidase to visualize the LIV
barrel field. C, Individual D-row barrel areas were significantly smaller inNOS1 knock-out mice comparedwith wild types (main
effect of genotype, p 0.033), although there were no significant differences between the sexes. D, There were no significant
differences between genotype or sex for the barrel spacing,measured between the center of the far edge of D1 to the center of the
far edge of D3. A–C were analyzed by repeated-measures two-way ANOVA, and D by a two-way ANOVA (see Materials and
Methods for n values).
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slightly smaller in the male and female NOS1 knock-out
mice. In agreement with earlier studies, the pattern of the
barrels was unaffected in NOS1 knock-out mice (Finney and
Shatz, 1998). The developmental difference cannot explain
why males showed reduced EDP and a lack of LTP because the
female NOS1 knockouts had the same barrel size as the males
and yet showed normal levels of plasticity.
Our studies raise the question of whether synaptic plasticity
mechanisms are generally different between sexes. A recent
review on the topic identified nine different plasticity factors
that differ with sex (Mizuno and Giese, 2010). In addition,
contextual fear conditioning is GluR1 dependent in male mice
but not in female mice (Dachtler et al., 2011a). There is con-
siderable evidence that cognition and plasticity also differ with
sex in wild-type animals. In a meta-analysis of sex differences,
it was shown that male rats perform better in spatial naviga-
tion tasks (Jonasson, 2005). Similarly, sex differences in LTP
were found in the wild-type hippocampus. CA1 LTP is iden-
tical in males and females if tested with a sustained 100 Hz
tetanus, but greater in males if intermittent 100 Hz short
bursts of four pulses are used (Yang et al., 2004). The latter
may be related to NO-dependent LTP because it has been
shown that intermittent bursts (typical of theta activity) pro-
duce more postsynaptic spikes than a sustained 100 Hz tetanus
(Phillips et al., 2008). Since postsynaptic spikes are necessary
for NO-dependent LTP in the hippocampus (Phillips et al.,
2008), the greater efficacy of intermittent short bursts in the
males than the females could be indicative of greater NO-
dependent LTP in the males. Finally, the fact that antagonists
with some selectivity for NOS1 can only reduce the ischemic
damage caused by stroke in male wild-type mice again argues
for differences in NO signaling dependency between wild-type
males and females (McCullough et al., 2005).
Is it possible that the greater reliance on NOS1 for plasticity
in male mice is directly related to the neuroprotective effect of
NOS1 inhibition or knockout in males but not in females
(Huang et al., 1994; McCullough et al., 2005)? It has been
argued that NOS1 is not capable of generating sufficient NO to
produce direct ischemic damage itself, for example by inhib-
iting cytochrome-c, which would require micromolar concen-
trations of NO (Keynes and Garthwaite, 2004). However, it
remains possible that NOS1 is activated during ischemia,
which then causes potentiation of excitatory transmission and
thereby increases levels of excitotoxic damage further in a
positive feedback loop. Our present findings would predict
that any such potentiation-exacerbated ischemia would be re-
duced by NOS1 inhibition in males but not in females. We
would also predict that NOS1 inhibition would be counter-
productive during recovery and rehabilitation from stroke, as
plasticity processes at excitatory synapses would also be in-
volved in repair and formation of new neural circuits
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